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INTRODUCTION 

Rhodospirillum rubrupi, a bacteriiim which is illustrated in the 
electron micro-photograoh on the fr->ntispiece, is a member of Class 
Schizomycetes, Or'^er Eubacteriales, Suborder Rhodobacteriineae, Fam- 
ily Athiorhodaceae (!)«■. These bacteria are lophotricate, rigid, 
spiral, non-spore forming, and gram-negative micro-organisms. In the 
absence of light Rh. rubrum are heterotrophic aerobes, but in the 
presence of sufficient illumination are photosynthetic anaerobes; 
it is this characteristic which forms the basis for their study, 
as will be discussed in some detail subsequently. These bacteria 
have the ability to grow in a wide variety of media, often exhibit- 
ing striking morphological variations (for the same strain) attribu- 
table to environmental conditions, with a three-fold variation in 
width (0.5 to 1.5 microns) and even more pronounced variations in 
length (from 2 to 50 microns); indeedj in the same cultures there 
are considerable differences among individual bacteria, probably 
due to changes in the medium v/ith progressive development of the 
mocro-organisms ( 2) . 

Rhodosoirillum ru': rum are commonly referred to as purple bac- 
teria, but, like t’ eir norohology, their color is environment de- 
pendent, ranging from dark purple to pink; aerobic development in- 
hibits their pigment production. 

The optimum temperature for their growth ranges between 30° 
and 37 °C.; the pH of the culture medium may var/- from 6.0 to 8.5, 
with some inhibition of growth occurring in th*- most acid medium (2). 

*This classification varies somewhat among microbiologists. 
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It has been shown that these bacteria require d-glutamic acid, d-argin- 
ine, cystine, and biotin for growth in a chemically defined medium (3), 
Rh, rubrum apparently do not produce proteolytic enzymes; at least, 
gelatin is not liquified by any of the strains and it can be demonstrated 
that the ammonium salts in the medium constitute the main nitrogen 
source (2). 

The Family Athiordaceae are widespread in nature, being present in 
the muds and surface water of nearly all fresh water bodies, particularly 
in stagnant pools; they are sometimes grown from sand and soil samples, 
but their natural environment seems to be an aqueous one (2). They are 
of no economic interest at present (U), 

The immediate purpose of the investigation is implicit in the 
title of this paper, with the work being done as a component of Dr. R. 

K. Clayton's studies on the metabolic rates of the Rh. rubrum under a 
variety of light intensities and oxygen concentrations (most of vrtiich 
can and has been done by employing the Warburg Gas Analysis technique#) . 
Before stating the underlying motivation, however, it would be well 
to review some of the unique characteristics of Rb. rubrum and other 
background material. 

It has been more than one hundred and twenty five years since the 
German chemist VMhler invalidated the 'Vital force" theory by his syn- 
thesis of the living cell product, urea, from the inorganic ammonium 
cyanate (5)**. It may well be — and it is so expected — that one 
hundred and twenty-five years hence much of the mystery surrounding 
life processes will also be stripped away, as was the belief of 
Wdfhler's day that only living cells could produce "organic" materials. 
Today one of the least understood properties of the living cell is 

•#3ee Appendix A 

## See also any elementary organic chemistry text 
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irritability (response to stimulus). The attack on this field has 
been launched from many fronts; physiologists, psychologists, phy- 
sicists, chemists, biologists, philosophers, and others are con- 
cerning themselves with this problem. 

It may be argued that already it has been demonstrated that 
irritability is not peculiar to a living cell. Certainly a Geiger 
counter is "irritable"; it responds to a stimulus (an ionizing 
event), its response is "all-or-none", it has a refractory period 
(dead time), and it may even be said to exhibit the phenomenon of 
tetany (when ionizing events are occurring so raoidly that the mech- 
anical counter is jammed, or when the voltage across the counter is 
raised to the area of continuous discharge). Possibly even more 
striking is Dr. Ralph Lillie's iron-wire model of a nerve, discussed 
in physiology texts (6), which exhibits an all-or-none response to 
both mechanical and electrical stimuli, and the phenomena of action 
potential, refractory period, and electro-tonus. 

Yet, analogous as these non-living systems are to the living, 
the analogies quickly break down on extension; so we have in no way 
duplicated the irritability of the living cell, but merely imitated 
it. More to the point, we have gained no insight as to how the cell 
responds, or to the detailed nature of the phenomenon of irritability. 

Turning our attention now to the Rh. rubrum, their ability to 
adapt either to an aerobic or anaerobic metabolism holds considerable 
promise as an approach to an understanding of the sensitivity peculiar 
to living systems. 

Van Niel (7) gives us an insight into this in his comparison of 
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thp ohotosynth“tic and chnnosynt .etic jroroasrs. 



Thp rvi'Vncp is now 



coiclusivp t!iat in Photosynthesis in ri'een plants it is the water, 
and not the CO2, which is broken down to form O^. In bacterial uhoto- 
synthesis, however, no oxy^^en is formed. Vfe assupe that in bacterial 
photosynthesis water is "split" into an oxidizint; fra^,ment and a re- 



The reducing fragment brings about the reduction of carbon dioxide to 



after the convention adooted bv van Niel ( 7 ) and others, the reduction 
product of CO2, "in p-eneral, 'organic matter'." The oxidizing frag- 
ment, however, must be removed from the reaction vicinity; failure to 
do so v/ill result in stoooin" th'’ reactions, orobably by some means 
such as ooisonin : the bacterial photosynthetic oigment or the enzyme 
involved, or through the occurrence of a back reaction with the re- 
ducing fragment. 

It aopears that last steps are also mediated by some enzjnne 
svsten, and that the p otosynthetic orocess can be illustrated as 



ducing fraj.ient as, 



oxidizing fragment 
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Here E is (generic for enzyme system, with E'l referrinrj to the system 
resoonsible for actin':; as the hydro"en donor in reducing; the oxidiz- 
intr fraf-^aent an-i as the hydrogen accentor in oxidizing the substrate j 
indicates the enz-'yane system resoonsible for the reduction of C02» 
but which is first reduced itself by the reducing fragment [ h ] from 
the via ter. (In green plant o^etosyn thesis, the enzyme corresponding 
to E" can evolve oxygen and reform itself in the reduced state 
is the substrate and serves as the hydrogen donor. 

Now, in the absence of li d'lt, Rh. rubrun are able to carry out a 
tvpioally oxidative metabolism. From the work of Blackman and Matthaei 
(demonstrating "that photosynthesis is the net result of a combination 
of photochemical ('light') and non-photochemical ('dark') reactions") 
and the comparison of the photosynthetic and oxidative equations for 
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the bacterial utilization of the same orf, nic substrate, van Niel ( 7 ) 
concludes that the "degradation of the oxidizable substrate, whether 
in ohotosynthesis or in dark metabolism, must be accomolished by the 
same enzyiae systems." Accepting this, then, and diagramming a scheme 
similar to the one shown for ohotosynthesis, we have for oxidative 
metabolism, where E" and F' are identical with those enzyme systems 
previously identified. 




In this instance the molecular oxygen serves to oxidize E"H2 to E", 
which in turn serves to oxidize the substrate H^A. This oxidation 
of the substrate serves as a source of energy (in place of hi/ in 
photosynthesis) which can be utilized to reduce the CO2 to cell 
materials. It must be admitted that this is to some degree specu- 
lative, but the evidence indicates that the mechanism, if not act- 
ually the one pictured, is at least very similar to it. 

It is to be noted that, insofar as utilization of the substrate 
is concerned, the photosynthetic metabolic path can be twice as 
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efficient in the production of cell materials. In the scheme we have 
represented, for photosynthesis one mole of CO^ is reduced (and as- 
similated) per mole of substrate oxidized, while for the oxidate route 
one mole of CO^ is reduced (and assimilated) per two moles of substrate 
oxidized. The importance of this will be discussed subsequently. 

Giving attention now to the tactic behaviour of Rh. rubrura: It 
has long been known that these bacteria exhibit a positive photo- 
taxisj i.e., that they congregate in a spot of light. Clayton (8) 
describes this phototactic response as "a reversal of swimming di- 
rection evoked by an abrupt decrease in the intensity of the light 
impinging on the bacterium”, and credits Molisch with having observed 
the phenomenon of accomodation in this response; i.e., ”the effect- 
iveness of a decrease in illumination in evoking a response becomes 
greater as the decrease is made more abrupt”. 

Not so easily observed is the aerotactic behaviour. In the dark 
the bacteria show a positive aerotaxis by gathering in areas of high 
oxygen concentration just as they gather in areas of high light inten- 
sity; as they start to swim out of the area of high oxygen concen- 
tration (in the dark) they reverse their sidjiming direction and re- 
turn. In the light, however, the response is just the opposite. They 
> 

avoid areas of high oxygen concentration by reversing their swimming 
direction as they enter the area of increasing oxygen. Thus they 
show a positive phototaxis, a positive aerotaxis in the dark, and a 
negative aerotaxis in the light. 

Since the pigments determine the wave length of the light ab- 
sorbed, and this in turn determines the energy per mole-quantum re- 
ceived by the (photosyrathesizing) organism, it is appropriate to give 
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soinc attnriition to tn*' bactiT’a], pi' ^aonts oi Rh. rubrin, aro tuo 

principal f,rouos oi bacterial pi:,:.irntsi (a) Taose v; nso structure is 
related to chlorophyll (bacteriochlorophyll) , one such substance hav- 
ing been rcoorted to h've th^ follo’.rina, stricture (9); 




Cff, 

/ 






Bacteriochlorophyll a (C^t^HY2N^0^Mg) 



and (b) thos*' whoso str 3 ctures classify thera as carotenoid pigaients. 
Clayton ( 3 ) found for bacteriochlorophyll in the intact cells "a 
pronounced absorption c’axina at 873 ly/ and sinaller maxiina and 8OO 
and 390 myf ", The major carotenoid pigment in Rh, Rubrum is spiril- 
loxanthin, (9), with absorption maxima at ca. 330, 3l0, and 

U80 in the intact cells (where, as with bacteriochlorophyll, the 
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carotenoids are conjugated with protein). The absorption spectra of 
the intact cells do not show the maxiraa in the blue and grerJifor the 
scarcer carotenoids since these are "masked by the maxima of the pre- 
ponderant spirilloxanthin and by the effect of strong scattering" (8). 

In tabulating the maxima in absorption spectra and in action 
spectra for photosynthesis and ohotota:d.s of the Rh. rubrum, Clayton 
(8) show^'d that there were areas of disagreement among previous in- 
vestigators, excftot for the photo synthetic and phototactic effective- 
ness peaks at the bacteriochlorophyll absorption maxima. 

In view of the discordance mentioned, Clayton (3) re-examined 
the phototactic action spectrum using monochromatic light of greater 
spectral purity and also re-investigated the photosynthetic growth 
of Rh, rubnom in light absorbed solely by the carotenoid pigments, 
here using a light of greater intensity than that previously em- 
ployed. In the latter instance it was found that the light of the 
wave lengths absorbed "is as effective for growth as it is for photo- 
taxis, when compared to with the light absorbed by chlorophyll" (8). 

In the re-examination of the phototactic action spectrum, the 
over-all result indicated that in general the maxima in the absorp- 
tion spectrum correspond to maxima in the action spectra of both 
phototaxis and photosynthesis; exceptions which occur can be justi- 
fiably attributed to masking; i,e., it is indicated that although 
spirilloxanthin is phototactically active, one of the relatively 
scarce carotenoid pigments is considerably more active in proportion 
to its concentration in the bacteiua, thus resulting in a masking of 
the scarcer carotenoid in the absorption spectrum and some masking of 
the phototactic action of the spirilloxanthin in the action spectrum. 
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To summai’izo, it is stronjly indicated that there is a corres- 
pondence b'^tween absorotion, photosynthetic activity, and phototactic 
r''sponse throu'^hout the spectrnjn. 

Based orincipally on the fore'^oing considerations, Manten (lO) 
has hypothesized that a decrease in the rate of photosynthetic metabo- 
lism in the Rh. rubr’jm is responsible for a phototactic response. 
Clayton's (11) subsequent investigations have supported this hypothesis; 
he points out that, since accommodation is a characteristic of photo- 
taxis, it is not likely that the "phototactic response depends simply 
uoon a certain change in the 'steady state' rate of photosynthesis". 

This accommodation is explained bv supposing that the phototactic re- 
s >onse depends not "simply uoon a — change in the 'steady state' 
rate of photosvnthesis " but rather "is associated with a transient 
disturbance in the photosynthetic process, and that this transient 
fluctuation must reach some threshold magnitude to evoke a response". 
Further, that "such a transient effect can occur at light intensities 
higher than that which corresponds to saturation for photosynthesis, 
as based on measurements of the steady rate". Manten 's hypothesis 
thus interpreted " - - does not require that saturating light inten- 
sities for photo taxis and for photosynthesis be equal" (11), 

It was found, on investigating the saturation intensities for 
photosynthesis and phototaxis, that the saturation intensity for 
phototaxis is either "roughly equal to or much greater than that for 
Dhotosynthesis", which supports the explanation of accommodation 
given earlier. Additionally, "that the saturating intensity for photo- 
taxis is influenced markedly by the nature of the substrate which 
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serves for photosynthesis" (ll) lending further support to the prenis*' 
of close relationship betvfeen photosynthesis and phototaxis . 

With the preceding paragraohs in inind, it nay be seen that there 
is evidence that Ilanten's hypothesis can be extended to include meta- 
bolic rate as a VJholo (oxidative plus photosynthetic) and all tactic 
responses (to light, to oxygen, etc.). This "yanten-Clayton" hypothe- 
sis would state that all tactic responses in Rli, rubrun arc associated 
with a decrease in metabolic rate. 

Finally, to formulate that at v;hich vre have previously hinted; 

The purpose of this whole pattern of investigations has been to gain a 
better understanding of the underlying processes in living cell irrit- 
ability. It nay be argued that, though an insight into the irritabil- 
ity of these micro-organisms night be forthcordng, this is no more 
reason for believing that from such a basis the physiological nerve 
fiber action, say, can be explained any more satisfactorily than by 
Lillie's iron-wire model to which reference was made earlier (let it 
be noted that there is no intention here to disco\int the value of such 
a model in arriving at a mechanistic understanding of irritability) . 
This contention is not without some validity, but hardly constitutes a 
serious argument insofar as the possible vjorth of the investigations 
are concerned. First, in common vhLth other living (and pn part, ccr- 
tain non-living) irritable systems, Rli. rubrum exhibit the following; 
All-or-none response, refractory period, accomodation, summation, 
rythnicity, (12) (13) and to some degree Vteber Law adherence (6). 
Second, the physiological pathxrays of the responses in the 
Rhodospirillum rubrum will have certain 

Appendix E (Glossary) 
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homologous as well as analogous relationships to tie responses in 
other living tissue. At least, the responses of these micro-organ- 
isms are in no sense artificial, and it will doubtless be possible 
to test for homologies in other living systems. 

from what has boon said about the photosynthetic and oocLdat- 
ive metabolic pathvjays, the phototactic and the aerotactic responses, 
and the similarity of the action spectra of phototaxis and photosynthesis 
in Rh. rubrum, a means for integration of all this into a method for 
accomplishing the previously mentioned purpose can be proposed. It is 
supposed that, when there occurs a decrease in the metabolic rate of 
the Hh. rubrum, there is a transient accumulation of some intermediary 
(in the metabolic path) which acts as a trigger for subsequent reactions 
vrtiich lead to a tactic response. By determining through which branch L 
(the oxidative or the reductive) of the metabolic pathway the tactic 
response is mediated, i.e., in which branch the intermediate — if such 
there be ~ builds up, there will be obtained an insight as to what 
chemical processes are important for the tactic response, and these can 
be studied further; possibly even the triggering intermediate (or the 
taxis initiator, whatever it be) can be identified. Therefore, the 
first step will be to locate the "taxis trigger" in one or the other of 
the two branch processes, i.e., the oxidation of the substrate (as a 
soxxrce of energy and CO ) or the reduction of the CO (to coll material). 

iu iL 

Recalling the comparison made of the (possible) difference beteean the 
efficiency of photosynthotic and oxidative metabolism in substrate 
utilization (conversion of CO^ into cell materials), we obtain a clue 
to ho\^ this nay be accomplished. First, it id.ll be necessary to observe 
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the phototactic and aerotactic responses under differ-nt lii-;ht in- 
tensities and in varying concentrations of air; second, to deter- 
mine the rate of substrate decomposition (not to be confused with 
substrate utilization by incorporation into cell materials) and of 
caibon assimilation under these different light and air environments. 

To see ho’T the information thus obtained could be applied to let us 
make a few assuraotions (in support of which there is some exper- 
imental evidence (ll|) ) and follow a hypothetical set of data to its 
logical conclusion. 

To begin with, let us suppose that the maximum attainable rate 
of substrate deccmposition is the same for both photosynthetic and 
oxidative metabolxsm. Next, let us chart the rate of substrate de- 
composition versus the air concentration on a series of plots using 
the light intensity as our variable parameter. In the total absence 
of light, a curve (the curve determined in this investigation) of the 
type shown in Illustration I a is obtained, where the rate of substrate 
decomposition increases steadily up to its maximum, i.e., up to the 
point where the bacteria are receiving air as fast as they can uti- 
lize it. Wh“re the intensity of illumination is such that the bacteria 
in complete absence of air are metabolizing at a rate corresponding 
to one-forth of the maximum, we obtain a curve as seen in Illustration 
I b. Similarly, curves are obtained for intensities of illumination 
corresponding to metabolic rates of one-half and three-fourths maximum, 
respectively, as shown in Illustrations I c and I d. As we increase 
the percent air available to the micro-organisms, some of the photo- 
synthetic metabolism is replaced by the oxidative, but by the time the 
system (bacterial suspension) has been saturated with air, the maximum 
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Per cent air concentration 


Ordinates : 


Plate of substrate deconposition 
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metabolic rate has been reach-d. 



If, however, the incident illumination is of an intensity such 
that ev»n in the absence of air the maximum rate of substrate decom- 
position is attained, the plot consists of the line denoting the maxi- 
mum rate all the way across, as seen in Illustration I e. The re- 
sult of superimposing all these curves on one plot is shown in Illus- 
tration If. 

Turning our attention now to the carbon assimilation rate (rate 

(hJ 

of CO2--- >(CH20) conversion), we will suppose — as was indicated 

by comparison of the schemes presented earlier for photosynthetic and 
oxidative metabolism, and for which there is (as yet) fragmentary evi- 
dence (lU) — that when the Rh. rubrum are performing oxidative met- 
abolism, one-half of the substrate is simply utilized as an energy 
source and is otherwise wasted. In other words — to repeat — with 
oxidative metabolism a mole of carbon is assimilated for every two 
moles of substrate oxidized, and with photosynthesis a mole of carbon 
is assimilated for every one mole of substrate oxidized. This means, 
then, that if the maxiraum rates of substrate oxidation for both types 
of metabolism are equal, the maximum rate of carbon assimilation would 
be twice as great with photosynthesis because, with respect to sub- 
strate, it is twice as efficient. To illustrate this, let us chart 
the rate of carbon assimilation versus the air concentration again 
using light intensity as a variable parameter. In the dark the curve 
will be identical with the curve shown in Illustration I a since no- 
thing but oxidative metabolism occurs throughout the plot; this curve 
is represented in Illustration II a. Examining the other parametric 
extreme next, we would find that for light intense enough to produce 
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Orrllnatea; Rate of carbon aasiibLlation 
Absciccaa: Per cent air concentration 




II a 




II b 
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ILLUSTTL^TIOH II 
(Part 2) 




Ordinate; Rate of carbon assirdlation 
Abscissa: Per cent air concentration 



\ 



17 



saturation (i.?., maximum rat*) for ohotoaynthesis, a curv^ as shown 
in Illustration II b would be obtained; it is seen that in the absence 
of air the carbon assimilation rate will be at a maximum, but that as 
the air concentration is increased, the molecular oxygen gradually 
overpowers the oxidative fragment |foJ from the photosynthesis in the 
competition for the enzyme (E''H ) which serves to reduce the oxidative 
fragment (and the molecular oxygen) and the curve is eventually de- 
pressed to the maxiraum rate of carbon assimilation for oxidative me- 
tabolism, Super- imposing these curves and the curves at intermediate 
illuminations (illuminations which in the absence of air give rates 
of carbon assimilation of one-fourth, one-half, and thrc* -fourths the 
maximun respectively) the plot seen in Illustration II c is obtained. 

In curve c. Illustration II c, the assimilation rat- of carbon with 
increasing per cent of air available to the bacteria at first in- 
creases, then decreases, resulting in a "hump" in the curve. 

This "hump" in the curve c, (said curve representing the bac- 
terial metabolic action under illumination of such intensity that at 
zero per cent air concentration the photosynthetic rate of carbon as- 
similation of one-half of its maximum, and equal to the maximiim oxi- 
dative metabolic rate), if found will be of particular interest with 
respect to the t^anten-Clayton hypothesis. The earlier delineation 
of the tactic behaviour of the Rh. rubrum was incomplete in that no 
mention was made of their behaviour at intermediate light intensities 
and oxygen concentrations. It is found that when an air bubble is 
introduced into a colony of these bacteria grown under a cover glass, 
in the dark the bacteria will clust-r around the bubble and in bright 
light they will move away from the bubble, (exhibiting positive and 
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negative aerotaxis respectively). Under intermediate light inten- 
sities, however, the bacteria congregate in the narrow band at some 
distance from the air bubble, indicating that t^j^ere is a preferred 
oxygen concentration between the minimum and the maximum available. 
These effects may be seen in Illustration V, 

Let us now examine the curves (illustrations I and II) in re- 
spect to their relationship to the tactic behaviour of the Rh. rubrum 
and the Manten-Clayton hypothesis; In the dark the metabolic rate in- 
creases with increasing oxygen concentration; this is supported by 
both sets of curves, and on applying the hypothesis, it would be ex- 
pected that a positive aerotactic response would occur in the absence 
of illumination. Comparing the two curves for the metabolic behaviour 
under bright light, however, it is seen that the first set of curves 
(Illustration I) is not indicial in respect to the negative aerotaxis 
observed under illumination, whereas from the second set of curves 
(Illustration II) it can be oredicted, on the basis of the Manten- 
Clayton hypothesis, that there will occur just such a withdrawal from 
areas of higher air concentrations as is observed. From the fore- 
going — remenboring that it is as yet largely supposition and is 
cited for the purpose of example — it is strongly indicated that the 
tactic response is mediated through the reductive pathway -- i.e., 

C0““~ ^>(CH^O) — of the metabolism. Certainly nowhere in the 

first set of curves do we observe a decrease in metabolic rate with 
increasing air concentration such as we find in the second family. 
Moreover, the "hump" seen in the curve for moderate illumination 
very nicely explains the behaviour of the bacteria seen at moderate 
concentrations of air and intensities of light. To amplify this 
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somewhat, let us imagine the Rh. rubnim in an environment of light 
intensity and air concentration as is exemplified by this 'Tiump" in 
curve II c. Note that if the air concentration is increased or de- 
creased there will be a decrease in metabolic ratej therefore, at 
this level of intensity the bacteria will congregate in the area of 
preferred air concentration. This is seen in Illustration V b. 

Moving directly upward from the "hump" to the curve II a, it can be 
seen that as we shift the bacterial environment to the right, i.e,, 
into the area of increasing oxygen concentration, a decrease in the 
metabolic rate occursj the contrary aoplies on moving to the left. 
This explains the behaviour actually observed, as shown in Illus- 
tration III c. 

At the outset of this discussion it was pointed out that we 
were proceeding largely on assumptions; this being so, it may be that 
on analysis of the actual complete date finally obtained the evi- 
dence will not be as clear cut as the evidence from our assumotions 
(based in part on data already gathered). Even so, there should be 
enough difference between the characteristics of the curves for rate 
of substrate decomoosition (versus per cent air) and those for the 
rate of carbon assimilation (versus per cent air) that a decision 
could be made as to which set of curves is correlated with the ob- 
served tactic resoonses and thereby decide with which branch of the 
metabolism the taxis is linked. This would constitute the first 
step in achieving the purpose set forth earli*r» 

Finally, to summarize the results of this work: It was de- 

termined that the metabolic rate of an aqueous suspension of Rhodo- 
spirillum rubrum (maintained between certain limits of hydrogen ion 
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concentration by addition of dilute hydrochloric acid) in the absence 
of light increases linearly with increasing oxygen concentration up 
to a maximum dependent in lar'-e measure uoon the temperature of the 
suspension. 
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c T"’: II 
1 I TI'' N’ 

T'ln function o ' th-o ao )arc.tv.3 usci ’jao to ''ar rato” a bact''rial 
ausoonsion in bhe abnnncc of li :';it uit ; a l:noun ';as idaturr at a 
constant Tiovr rab'^, naintniain' fnc !r, 'dromon ion concoi.tration b'"- 
tijc^n certain li.dtc. The ess'^ntial narts of the str cture wu’c: 

(a) a ^^ater resr-rvnir to orovide a ir'^ssure b.cad for t o ,asps; (b) 
two "-ac-vjator bottloo to sorvr as ot">ra "o and ni'cLnf: cha:ribf*rs for 
the -asos; (c) a flovj r.otor to nrovido a mot-io ^ of :;aintainin ^ cor- 
sV it flo’..’’; (d) a sintered ;lo,ss irnn'^I to contain tho bact'^rlal 
susoonsion vfnile hoir. ' "aoratod”, tho gas enterin^ t 'r-^u ;h the ooros 
of t''c sintered fLass base; (e) a pH -eter for the pur K'so of ne>a- 
snring c'lan'^es in the hydro -on ion conc'^ntration; (f) a cover box 
(oainted with carbon blacx) to exclude fie 11 'ht fro: t''c i'unnelj 
(g) a bi’r''tto for containin''; th''' ao;id to be added to control t"o 5 ’. 

The aonaratus xitilized is diarramed in Illustration — in the 
binder :>ack' I’, an exolanati' n o*. t ’" illuKtm-'ui on fol^ovfs: 

dinc" t 'o nitrogen as froii th^ nitro; en cylind r was do-bominf-d 
to conto.in 2.3^ air--, it vjas neoossar'/ to de-oxyonato t'da jas to 
study met.ibol;Lc behaviour ab 7 /et lower air concentrations. This lias 
done by the r-onvontional inot'-.o-’ of lassin • the ;as o- or heated cop nor 
turnings in tho tubes lai;oloc^ 3 and ror.i t eso tu’oes t'’.e -as oass' d 

tnrou ;h the dnuhle-oblique stopcocl: at A, throu'.U th - t .ree-’wap "T" 
stoocock at H to the doublo-obliquo stoncook at C, vfioro a ch-ico could 
be rade to wlilch -jas-vjator bottle fw gas would be directed. The 

is dr beiTnined from Uarburg >.nalvs"' s ’y Professor Clayton: 

See Iioo "no’ix A 
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stopcock at A was for the pirjoso of the introduction of IC/'.. air j.roi a 
hiAh pressure air line; the t’^re-'-way stopcock at B pennitted the use of 
the raercuiT.'' nanoineter as a cafet'''' device in order to prevent blowin t* e 
rub’- or stoooers (whie’e v:ere wired on) from th* gac-water bet ties or ri <- 
turinu tho line at snno other point. VJhen nitrogen gas (of 2.8' air 
or less) was being introduced into the system, th'* inanonetcr though t!iis 
contairdnation would be in the majority of cases. 

As each gas-water bottle vras being filled, the one-way stopcock on 
the tube leading from the bottle to the Ol-liter reservoir was of course 
ooen; i.e., one-way stopcock E vrould be open when the ll;,3ho milliliter 

I 

capacity bottle v;as bein^; filled, and similarly the one-wav stoocock r 
v;ould be open when the lh,Ii.OO milliliter vessel was being filled. The 
gas-water vessels had been volume calibrated in 000 ml. increments, ex- 
cept for the necks, where the calibration tape was rarked in 10 and 20 
n].. increments. In leaking the various air per Ci’nt compositions of 
gases, it vras necessary to take into account the volume of tuoing from 
tho entrance point of the gas to the gas-vrater vessels, lor the lh,3l(.0 
ri. vessel this vas 138 r-l; for tho 1U,U00 ml. vessel it vjas II46 iil. 

The reservoir R was filled v/ith an 0,0030 h sodium ’oerzoatc sol- 
ution, t’r.e purpose of tli'- sodiiu-i b'cnzoate boi.ng to inhibit t'^.e rnr’; ;- 
ation 01 molds or algae in tho apparatus during the course of b’no inv<* s- 
tigation, 

VJhen the work ;ra.s first undertaken, distano'* from t’ c botto. 
of the reservoir R to tire g;as uvitor ’i.ottles was 70 cf iitinrtrrs. T' is 
was later- increased to I30 centjj’.etcr-s to i-cducc tho mu ’uer of adjust- 
ments of the needle valve at G required to main-tain a constant flow 
rate, A mathematical illustration- of this is to be found in Appendix 3 . 
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The double -oblique stopcock at D permitted the selection of the 
vessel from which the gas was to be taken; as the gas was being drawn 
the corresponding stopcock (E or P) to the water reservoir R has to 
be open. The gas then passed on to the bubbler (or trap) at K, the 
primary function of which was to serve as an index to the flow rate 
and secondarily served as a trap between the flow-meter and the gas- 
water vessels. It is to be noted that the liquid volume in the bub- 
bler at K and in the on* at J is larger than is ordinarily placed in 
such devices. The purpose of this was to facilitate flushing of the 
system, as the greater the gas spaces in J and K, the greater the 
volume of the "new" gas that must be flushed through the system before 
the "old" gas was displaced. 

The needle valve at G served as the only adjustment for the rate 
at which the gas was bubbled through the bacterial suspension, all 
stopcocks being either fully open or fully closed. 

The gas flow metering device began with the expansion in the line 
between the needle valves G and H and ended with the metal "T" at I. 

The needle valve at H was for the purpose of adjusting the sensitivity 
of the flow meter; i.e., the greater the constriction at H, the greater 
the reading on the flow meter manometer. Once this valve was set, no 
necessity for changing the setting occurred. With the setting used, 
the flow rate could be varied from less than one-half liter/hour to 
more than six liters/hour. The manometer of the flow meter was 
filled to the proper level with water made slightly basic by the add- 
ition of sodium hydroxide, and colored by the use of phenol red in- 
dicator. 

From the flow meter the gas passed through the double-oblique 
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stopcock at T (th« purpose of which will be explained in a subsequent 
paragraph) to the bubbler at J. In a sense, this second bubbler was 
superfluous; however, early in the investigation considerable dif- 
ficulty was encountered with leaks between K and F and as a conse- 
quence this bubbler at J was introduced to ascertain that the flow 
into the funnel at F was equal to the flow through the first bubbler 
at K, and that the flow meter was serving as a true indicator of the 
gas passing through the funnel. 

For the purpose of determining the raaxinium rate of oxidative 
metabolism a break (not shown) was made in the line between J and F, 
and lOO"® air was bubbled rapidly through the bacterial suspension. 

The advantage of the direct use of the 100^ air (rather than sending 
it into one of the gas-water vessels) was that it reduced the amount 
of time spent in flushing the system and allowed greater freedom in 
the schedule for mixing the gases of various percentages. 

The double-oblique stopcock at T was necessitated due to the 
funnel’s becoming clogged by the bacterial suspension while switch- 
ing from the rapid bubbling by lOOt air back to one of the gas mix- 
tures contained in a gas-water bottle; this occurred even though the 
change was made rapidly and the tubing just below F was clamped just 
prior to making the change. When clogging occurred (which was readily 
detectable on the flow meter) the most expeditious remedy was to blow 
through the tubing into T thence through J and the funnel F. 

In F are seen the electrodes from the Coleman pH Meter used in 
these determinations. Covering F is a black box M; the light was 
further excluded by the careful drapping of six layers of black (focus- 
ing) cloth. At the top of M can be seen the lid through which the acid 
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wac adf^rd into t!ie bacterial cusoension fron the burette N. al- 
though not shoun, a thermoiacter hunfj near h for the purpose of 
chrekinr the tenporature. 



CHAITER III 



PROC^.DURE 



The investigation consisted primarily of a series of "runs", a 
"run" being a procedure whereby a sequence of gases of various per- 
centage air compositions were bubbled through a bacterial susoension, 
during x^hich the oxidative metabolic rate was followed by means of the 
alkali production from decomposition of the substrate, using a pH 
meter and keeping the hydrogen ion concentration between certain 
limits by droowise addition of acid. Since the substrate used was 
sodium succinate, the reactions may be represented as follows: 



0 

CH„-G-01Ia 

I ^ 

CIL-C-ONa 

2 



Bacterial 

enzymes Oi'ganic 

^ lletabolic 

^2^ Products 



2 IlaOII 



2 IICl -t- 2 naOH ^ 2 NaCl 2 II^O 



Before any "runs" were undertaken, it was necessary to standard- 
ize an acid to be used in the procedure. Both O.OUl? N HCl and Q. 0100 
N HCl were prepar-'dj the latter was used for but one run, since its 
use resulted in excessive dilution of the bacterial suspension. Twenty 
five milliliters of 1,000 M sodium succinate were made to use as sub- 
strate. 

A typical "run" will now be outlined; 

When (after ca. 36 hours) the khodospirilluta rubrum in the 
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culture medium had multiplied tn the extent that 65 milliliters of 
the medium furnished 20 to 30 ml. of bacterial suspension of den- 
sity h.O, approximately one-half of th<* bacteria-inf^sted medium 
was poured into fresh medium; the flask containing the fresh mediiua 
was filled to within a centimeter or two of the cotton plug to re- 
duce the air space to a minimum, and placed in a continuously il- 
luminated warm storage. All the transfers involving the fresh 
culture of bacteria were performed in flame to prevent contamination 
of the culture by other micro-organispis . 

The remainder of the bacteria v^erc separated from the culture 
medium by centrifugation and resusoonde-^ in 50 ml. of 0,0005 M 
phosphate buffer solution. The density of this 50 ml. suspension was 
determined from the bacterial densitometer (photometrically«-) and the 
bacteria were again centrifuged and re-suspended in a volume of 0,0005 
M phosphate solution such that the bacterial density was U.O, and the 
bacteria were then ready for the ''run". This procedure of twice sus- 
pending the bacteria in the phosphate buffer solution served to wash 
from the bacteria most of the nutrient material of the culture medium. 

In the meantime the gas-water containers had been filled with the 
desired per cent air-nitrogen ratios. It had been decided to roake a 
run of the following sequence: (a) 100^ air; (b) ca. lOt air; (c) 2.S% 
air; (d) ??5^ air; (e) 2,8? air; (f) ca. 10? air; (g) 100? air; the 
percentage air at part (d) was to be determined by the results of 
parts (a), (b), and (c). (For the purposes of illustration, suppose 
it was desired to investigate a per cent air composition near the "sat- 
urating" per cent air; the, on a plot of ml. of acid per hour (required 

«-Soe Appendix C 
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to neutralize the metabolic products) versus the per cent air, the 
abscissa of the intersection of the line drawn through the points 
plotted from sequences (b) and (c) vri.th the horizontal line through 
the ordinate of sequence (a) gives the "saturating" per cent. "Sat- 
urating" per cent air has been defined as the least per cent air at 
which oxidative metabolism occurs (as measured by substrate decom- 
position) at a naximum rate.) 

The pH meter was standardized with buffer solution at a pH of 
h.l, after which the electrodes were rinsed and placed in the funnel; 
the. funnel had be®n nrevinuslv moistened with distilled water. Ni- 
trogen gas of 2,81 air was started flovdng through the funnel at d 
slow rate ( about 1 liter/hr,), and the bacterial suspension was added 
to the funnel. The black box was placed over the funnel and the layers 
of black cloth fastened around and under the box. The pH of the sus- 
oension was measured and brought to around pH 7 by the addition of 
acid, V/hen conditions had become stabilized to the extent that in- 
creases in pH were merely reflecting endogenous metabolism, 1,0 M 
sodium succinate in the ratio of 0,03 ral« sodium succinate per ml, 
of bacterial suspension was added, and lOOt air was bubbled through 
the' susuension at a fast rate (ca. 8 liter/hour). The pH \^as re- 
duced by th'^’ addition of acid to a value near 6.70, and the exact 
tine (plus or minus fifteen seconds) noted that pH 6,80 vjas reached. 

The hydrogen ion concentration was allowed to decrease to around pH 
7,00, whereupon the addition of acid would again increase the hy- 
drogen ion concentration near the neighborhood of pH 6,70. (In the 
earlier runs the pH was allowed to vary from 6.70 to 7.20 or 7.30j 
however, this had the double disadvantage of introducing the factor 
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of operator fatigue — one run exceeded twenty hours — and of increasing 
the opportunity for an intrinsic change to occur in the bacteria which 
might effect their metabolic rate.) A running plot of acid added 
(milliliters) versus time (in rdnutes) was kept. The procedure was 
repeated three or four tii.aes — i.e., three or four points at pH 6.80 
•sTcro charted — and gas of IO. 835 S air (the balance being essentially 
nitrogen) from one of the gas-water vessels was started bubbling 
through the susjxjnsion at a rate of ca. 6 liters/hour (maximum flow 
meter reading ) . 

The hydrogen ion concentration was maintained betvjeen the limits 
pH 6.70 and pH 7.30 during the flushing process; the pH 6 .OO points 
were charted for purposes of continuity on the graph. After 2 liters 
had been flushed through the suspension, the flow irate was decreased 
to approximately 2 liters/hour and the pH was now maintained betoieen 
the limits of 6.70 and 6.90. The pH 6 . 8 O points were again plotted, 
this tine taldng enough points to insure that the flushing process had 
been complete. 

’.Jlien sequence (b), the bubbling of the 10^ air mixture through 
the suspension, had been completed, it was followed by the use of the 
2.8^ air mixture (i.o., gas originally from the nitrogen cylinder), 
sequence (c), flushing as before. Half -vray through sequence (c) the 
"satrirating" per cent air was determined from the data so far col- 
lected to be, say, in the neighborhood of air. The remainder of 
the lOfj air iraxturo was cxliausted through the filling port (through 

I 

stopcock A; see IlISTRUIiENTATION) and tlie lines and vessel cleared 
by t\/ico putting 2-U liters of 100 % air into the vessel and then 
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oxhausting it as before. The bottle was then filled with U»8IiO ml. 
of lOO;^ air (allowing the volume of the gas to stabilize at the 
pressure due to the water head); taking into account the air in the 
lines, this was a total of U,978 ml, of 100? air. The bottle was then 
filled with 2.8? air so that the total gas volume was 11,8U0 ml.j thus, 
a mixture of was obtained. 

At the completion of sequence (c), the effect of this U3.67? air 
(sequence (d) ) on the oxidative metabolic rate was charted as in the 
previous sequences. This was followed in turn by sequences (e) (2.8? 
air), (f) (ca, 10? air), and (g) (100? air). Sequence (g) completed 
the run; the bacteria were discarded and the equipment cleaned. The 
symmetry of the run is to be noted, for thus were any intrinsic changes 
in the metabolic behaviour of the bacteria observed. 

The temperature was recorded at various intervals throughout the 

nm. 



Illustration 17 , the resultant plot made to the scale actually em- 
ployed is one of the inserts in the pocket on the back of the binder. 



Rhodospirilium rubruin (Strain S-1, van ITiel) grown anaerobically under 
continuous illuminfttion in a medium consisting of the following: 



The data from an actual run is to be seen 




F , and 



The particular bacteria used in this investigation were 




I-lgCa^, 0.05?; CaCl^, 0.02^5; 0.01 M HaH 2 P 0 ^ and 0.01 M K^HPO^ to adjust 
the meditim to pH 7; the balance , tapwater. 



These bacteria were used in a bacterial suspension of density U.O'^ 



*See Appendix C 
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since it 'vras indicated early in the investigation tliat at this density 
the effects rcsxilting from dilution (duo to the addition of acid for 
the purpose of maintaining the pH between certain limits) were minimized, 
yet a workable volume of the suspension tos obtained after a reasonable 
time from a culture not requiring an excessive amount of incubation 
medium. 



r 
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ClIAPTiU IV 



DISCUSSION OF IU;SULTS 

Illustration VI is the master plot for the results obtained from 
the investigation, and represents five of the last six runs made from a 
total of thirteen (the data from the run not represented on tlie master 
plot were not discarded duo to anomalies in the values — on the con- 
trary, the points determined from the discarded lom fit in very well 
with the plot — but were not used for the reason that the run involved 
uncontrolled variations of temperature which rendered the results un- , 
trust\Jorthy) j the earlier runs were made for the purpose of familiarizing 
the opforator vjith the equipment and the behaviour of the Rhodospirillum 
rubrum when subjected to varying concentrations of oxygen in the com- 
plete absence of light. 

It is to be noted that the curve does not pass through the origin 
of the plot; this can be attributed to the endogenous metabolism, which 
occurs at zero per cent air and involves the liberation of alJcali at a 
rate dependent on the previous environment of the bacteria (II 4 .) , The 
upi)er points are very close to the line of slope "one" {hB degree lino) 
joining the nadir and zenith of the plot. This indicates that the 
"saturating" per cent air is properly defined (see PIOCEDURK, page 30), 
and that the oxidative metabolism rate increases linearly with increas- 
ing air concentration. The variation of points falls xrcll within the 
range of experimental error. 

The most significant source of error \ras in the reading of the volume 
of the gas-water bottles; in the region of the $00 ml. calibration tape 
markings it is expected that the readings between the marks vrere accurate 
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to '.."ithin orJ.y H 30 i l.j a rnad-'nc at tho ';aa accurate to I'it'iiu 

ll 10 rnl. The nax^jaun ei’ror in voliaae rcafUnf, houevcr, would not con- 
stitute an error of serious r-a^ritude in volurtes ran-jin^ from 10,000 
to 12,000 ril. Volunc rcarij.ncc of l)0‘,i air used in riJ>d.nc the vai'iDuc 
per cent air concentrations were always nade cn the ria.rl', and wer^ 
usually in the area where the calibration ta-o had been rar’ied at 20 nl. 

intcrva.ls or loss, a.nd errors of - 2 nl. wore involved. 

The greatest variation in tho maxj.njjn notabolic rate \.'as atti’ibut- 
able to temperature fluctuations. Since no pi’ovision could be made for 
keepinf^ the laboratory at a reasonably constant temperature, the runs 
•\rcrG rn.de tcnperally syrcoctrical in order to cenpensato for Lliurrnl 
variations of terperature (see l-hOdb'dr:'.', paje 2p). 

As the volxme of th.e bacterial susperLsion increased (due to t-xo 
addition of acid";, an increase in t'xo efficacy of the bacterial absorp- 
tion of oo:;^''[Tcn from the f:as bubbling; t’arouph the si'-spcnsion. is to be 
expected, xrit!i a corres’^ondanr; increase in tho rate of substrate decomp- 
osition; hoxrevor, th.is effect x;as probably noi'e than countered by the 
loss of bacterial cells thj'ougii dr:>'inp aroxnd the periphery ox th.c 
fxinncl and on tlxe electrodes of the pll meter. 
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Tlio name ".Jarburg /jialysia" ia cencrally U3od to refer to any gao 
analycic procedure utilizing the '.,'arburg Apparatus, or, more properly, 
the Barcroft-'.'ai'burg Apparatus ("since it uus adapted by '..'arburg from 
that developed by Barcroft for tlic study of blood gases." )(l5) 

Tiiis Barcroft- .ai’b''Ui’g App^aratuo consists of; (a) A suitable vessel, 
usually of 10 to 20 ril. capacity, ’.ath a center well and one or i-iorc 
side bulbs j (b) a nanometer for Measuring changes in gas pressure j 
(c) a constant temperature iratcr bath to pi-ovide for accurate temper- 
ature control, so conotruct ;d that th.c nancnctor nay be mounted on the 
side 'vd-th the vessel containing the material to be studa.cd conplctcly 
immersed in -iraterj and (d), a sha]:ing device to ensure equilibrium be- 
t’.rccn th.e fluid ncdiiui and t;ie gas uhaGcs durir^]; the cx^Xirinent '.rhich 
shakes the vessel and manometer hor-iz ontally at speeds of ca. 110 osci- 
llations per minute, with an excursion of 3-U ciu(lh) 

h'arburg propeiiy deserves the creebit foi- the ap lication of this 
a jpai’atus to the studj'’ of the more intricate metabolic pi-ocesscs ’..ith.in 
the cell, for 

"It ^las Warbui’g irho first shoi'cd that anij’al tissues and organs 
(liver, kidney, brain, etc.) could be prepared in the forr.i of thin 
sections or minces which ;rould cor.tinuc to cany on metabolic pro- 
cesses (resni’’ation, substrate utilization) for many hours after re- 
mn.'al from tiie animal body if placed under suitable conditions, and 
that such metabolism cctuIu be folloi;cd q‘uantitatlvoly. .diile it 
is obvious that colls under tlicse circumstances arc no longer under 
the control of nen/ous or hcri'-onal mechanisms, r.ctabolic data 
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obtained by tliis method of approach do not disagree vLth results 
obtained on the intact animal where the ttio methods can be coriparod, 
and have fumished valuable information concerning the localization 
of specific metabolic processes in individual organs of the animal 
body, as vrell as the effect of different substrates, coonzynes, 
activators, inhibitors, etc., on cell metabolism," (15) 

In the investigation of Idi. rubrum metabolism, it is the living cells 

which are being studied, using a suspension of dead cell bodies merely 
as a control. 

Tliis metabolic study by the Vferburg method is fraught id.th complex- 
ities. Carbon dicod.de is assimilated — or evolved in some cases — 
oxygen is assimilated, and alkali is produced (xTith the consequent trans- 
fer of CO 2 from the vapor to the liquid phase). The only index of these 
changes, however, is a pressure change, which in turn is related to the 
substrate decompositionj by plotting pressure change versus time the 
rate of substrate decomposition can be determined. However, the pressure 
incorporates the throe factors previously mentioned; (l) Oxygen assimi- 
lation; (2) carbon dioxide assimilation or evolvement; and (3) carbon 
dioxide absorbed from the gas phase into the liquid phase. To discrim- 
inate among these three it is necessary to work with pairs of vessels; 

the procedure may be briefly outlined as folloi<’s; (1) Into each pair 
of V/arburg vessels containing the bacterial suspension, substrate is 
introduced from a side bulb; (2) acid is immediately tipped into the 
control vessel (also from a side bulb) which kills the bacteria^ pre- 
venting any reaction from taking place and resulting in all CO 2 being 
driven into the gas phase; (3) iJi the other vessel the reaction is 
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allowed to go to conpletion, i.e., vjjtil the crubctratc is exiiaustcd, 
charting the pressure change lath tincj (h) acid is tipped into the 
reaction vessel, releasing all of the carbon dioxide into the gas phase* 
and (^) aU<ali is introduced into both vessels from a vent, resulting in 
the absorption of the COg into the liquid phase. 

Tlio 03 !ygen content (expressed as per cent air) of the gases (i.e., 
the gas directly from the nitrogen cylinder and that which ira.s passed 
over the heated copper turnings) used in tlie experiment was detemined 
by absorption in basic pyrogallol in a Uarburg vessel. 
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APP'JTJIX 
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■■ E T E R 



It ca ' 3’',0Vin f,’om Po,’no’:ll ' ' s Tr ooror. tJ a for o’" 

L'lC'C! 7''”osr, Iblo flni ■ , no'jl '•cf frlctlo-^ a-i.c! v'S'^oslt'* 

Q (flew rata) Is a fuactlc'; of f' . prass ,ro d.'.ff- 
b'^tv/'’^'! two rolnts In f -a flow craniel as follows: 



(a) 



P t -jrrV^ rb-^r =• 




• v/'-'orc 



V 



V o 1 V> 

1 ‘2 



prossnro 

■'ersit:' o'’ ti'o 'as 

v<^l^o,it'* tP'o ^"as 

if'o olorati'Ta of tho cenbo'^s of 
of tho volrn'.es of ‘-’as above some 
arbltraL'’y Jatur lino 

acc'^lorat ‘-cn duo to ":ra';ltv 



o* 
t ’ •'> 



*: X 1 

T • • • 2 

■O'-" '' ■ ■'■ 



t.’ ; ;l:;/a':LC.n ’'-iad of a *%s (h, - b ) Is -o'l.rall" 

12 

(a'','I in ti^Is i'. stance, It is zero), 



r-'a 'Jt’i 
'^COV.V" 3 



(M 






2 






/ \ T / ^ \ 

(c) l:r{V^ . ^ ■ ^2 




S I '.c? t’ c 



lS ^ a'S l>no‘- ass,;ro’ tc ’o I'’',co’':prossll Ic , 



1-0 



a’' i Q is rat j o" Clow I vol 3 nils p jr- vlt t’"o, 



I 



t’nn'i Q— A^V^— A2V2 



'..■''nre A ‘s tl ; area o' 



■as c 3 ■> i.i 



Rcarran';; ’ ' 3 '- , 

(rj V^=Q/a^ ; V2=Q/A2 



i-r(Q %2 “ ^ ^ ^1 ’ ^2 



Snbstlt'itln'- ( '! ) In (c), y;g ^a 
;'e) 

Slrol * fyrir , 

q’' = 



(r) 



Fi - P , 



ir ( l / A - - 1 / A ^ ) 
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A /a. n, W3 'lavo 
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/I 
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Tue ’■^rncovl i'l" "as ass-T’-o.' i 'ico"’pi* )D3 r 11 1 1-’ of t ClJld; 
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the forri 



(23) 



Q rlP (h^ - ¥- (^2 ~ ^ 

\'i’’i'^’^o t^^'e tePT ~ hg)?''^^ is zero, t;".o uq nation beco”ies 



->f 

Q JP 



- 1 



■m(V^ - V- ) 



ir. : r.ass 



t 



' '1 

Tl-ie expansion is ossentiall^T' adiabatic, aid the r8latlo’'is’'.ip 
becones, fi’cally, 

Ag <f> 






y 






/iTT - p . 



K ^ 

Y.'hero jZJ, trie co'-riross Ibilltv Tactor, is 




wif" dopotin- t"'.-; patio C. /C, , '. .0., t 

P V 



-.^0 



t>;e specific beat of the 'as at constant p:'- issare ti.' 
s.-iccific heat of t'^'c tas at co s;a''il vol-’v./. 



-::-See par^o 7^1, reference (23) 



Tho interne^ ia bf; stops in tho procedia' derivation '^avo 
not boon pr'isonted, bub can bo foju.d on pa~es ^^3 74 of 

re^oronce (23) • 

i 

For tbo conditions of nresauro and flow, and froi'i the 
diir.ensions of the oqn' - ?nt used in this invosti 'atioi, it 
is shov.’n in references (23) (2l;) and (25) that ^ would 
approxiriato unity (ca. 0.999). 

Consoqniently , 



«1= K /Pj - Pg = K /P^ - Pj 

In other words, for conditions of small flow rate and 
relatively small pressure differences 

Q = ^ 

may be taken as the fundamental equation of flow. 

This equation is utilized to show the relationships 
of the different resistances to flow in the flow meter used 
in this investifqation. 
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P : Absolute press'dro 

K : Flov/ coefficient of pressure; varies inversely as the resistance 
to. flow 

3 

Q • Plow rate; volurie per unit tine (L /T) 



“-a-b 



fron a to b 



iiii 



Flow rate 



(1) 



«1-1 = ^ A - '’l 



I 



(2) = Kg/P^ - P, 



(3) Qj.c = K^/Pj - P^ 
«l-f = ^.f/^ - 



K - K 
i-f 



Since the flow in Kuet 'be equal to the flow out, 

(u ) Q _ 2 ” ^ O’? Q 

Then 



(6) K/p^Pj.= Kj/P^ 



and 



(7) =/Pl - Pf /(Kj/K) 

Now, from (1) through (5) 

( 0 ) q7k^=p^-p^ 

(9) qf/Kj = - P 2 



(10) (t/K^ = P - P 

3 2 f 



Adding (0),(9),(10) 



(11) (1/K^^ l/K^-^ 1/K^ ) ^ (P. - P^) (P^ - P 2 ) + (P 2 “ Pf) 

- P. - P^ 



(12) pyl/K^ -Hl/Kj +1/K^ -”p^ 



or 



( 13 ) Q 



- .7^ 



yi/K^+l/K^^v-l/K^»- 
Since, from (I 4 .) and (5), (lit.) K/P^ ”^f 

We have, then. 



( 15 ) K= 



1/K^ 1 /K|' 

Substituting (15) in (?)» we have the relationship betv/een 
the initial pressure P^ and the funnel (or final pressure P^, 
and the pressures (P^ and P^) operating the manoneter 







(16) -P2 = 



yPi 



- p. 



1/K, 



K and the quotient K^/K could be detemlned experimentally; 
from these, together with the density of the manometer 
liquid, a numerical expression for the flov; rate could be 
developed. For the purpose of this investigation, hov/evor, 
the only function of the flow meter was to enable the flow 
of gas to be maintained at a constant rate during a run 
(from 10 to 20 hours) and for this flow rate to be repro- 
duced from one run to another. 

Perhaps it should be pointed o\it that is a variable, 
and that may be subject to variation (ordinarily of a 
negligible magnitude). It is readily seen that, v/hen keep- 
ing P^ , P^ , P^, , and constant, the n^mnber of adjust- 

ments of K will be diminished by having P. be of the 
largest magnitude pi^acticable ; i.o., since P. will decrease 
slowly due to the dimunition of the water head, the conse- 
quent variation in P^ - P^ (and the resultant change In 
manometer reading) will be lessoned by having as large a P 

i 

as possible. 
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APF::i: fix c 

T II p; D I'l N S I T 0 H E T K n 

The bactci'd.al dcnsitorieter employed vrais a simple photovoltaic 
photometer shown schematically in Illustration VIII. 

The source was a Ivestinghouse 100 watt, 125 volt lamp. As in 
other photometers, the density is approximately the logaritluu of the 
ratio of the meter deflections when the suspension medi'um (0.0005 H 
K2HPO^-IIa]l2PO^ solution) and the bacterial suspension arc placed, 
respectively, in the beam; this is, of course, provided the source is 
maintained constant, that there is no error due to fatigue, and tliat 
the photocurrent is proportional to the intensity of illiuiination. For 
the uses for v;hich this particular instrument was employed, hovTOver, it 
was calibrated' by utilizing successive dilutions of a knovm volume of 
bacterial cells (detentaned through the use of a clinical centrifuge 
tube). Illustration IX, the Bacterial Densitometer Chart, is the 
result of tliis calibration for the 1.5 milliampere scale on the milli- 
ammeter. The following will serve to illustrate the use of the Chart: 
VJith distilled water in the cell, tlie milliammeter is set (by 
means of the adjusting rheostats) to read 0.35 (on the 1.5 r.ia scale). 
On inserting a cell filled vdth a portion of the 50 ml. of bacterial 
suspension, (suppose) the milliammetor reads 0.1l5, which corresponds, 
on referring to the chart, to a bacterial density of 1.6. Tlien, to 
have a suspension of the desired density of U.O, tlie bacteria vrill have 
to be resuspended in a volume of (50)(l.6)/U a 20 ml. of phosphate 
buffer. 
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T H E p H n E T E R 



A Coleman OOMPAX Kodel 20 pH electrometer, seen in Illustration X, 
vas employed to measure the change in pH. This is a battery operated 
instrument for which the manufacttircr claims "a consistent sensitivity 
of better than 0.02 pH and consistent overall accuracy of better than 
0.05 pH". It utilizes a sealed glass electrode and a reference electrode 
in a liquid (saturated KOI) j\inction reservoir. It is xinique in that 
the pH is determined by a combination of a flashing light and a pH dial 
index; i.e., when the dial index is set to read the pH of the solution 
in which the electrodes are immersed, the indicating light will flash 
at the rate of once per second. 




Sompi« Btolten 
IS ond 20 ml 




FIG. 1. MODEL 20 pH ELECTROMETER 



ILLUSTRATION X 
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APPENDIX E 



GLOSSARY OF TERMS 



ACTION POTENTIAL — A difference in potential bctvreen resting nerve and 
and the region of a nerve conducting an impulse. 

ALL-OIt-NONE LAVJ — If an irritable cell or unit, such as a nerve or a 
muscle fiber, receives a stir.iulus above a certain minimal (threshold) 
intensity, its response is maximal. ; increasing the stimulus results 
in no corresponding increase in strength of response, nor is a re- 
sponse elicited by a stimulus below threshold. 

d- ARGININE — «; -amino- -guanidinevalerlc acid] one of the naturally 
occurring diamino monocarboxylic acids, id.th the follo^/ing structure; 

H,N-G-NH-C]U-CII„-CH«-GH-COOH 

^11 d 2 d I 

HH 1^2 

BIOTIN — one of the B-complex vitamins, vzith the foUoving structure: 

0 

II 

C 

/ \ 

m m 

I I 

HC CH 

i I 

Il2C^ ^CH-CH2-CH2-CH2-GH2-C00H 

s 



BOIS-lN?YInOND LAW — For a stimulus- to be effective, it must be -(a) above 
threshold Intensity and (b) have reached threshold intensity before 
accommodation can occur. 

ACCOiaiODATION ~ ” A -stimulus which reaches its full strengtii quickly is 

more effective than a slowly increasing stimulus in eliciting a response" 
(12) j the phenomenon of an irritable system's ability to "accommodate" 
the slowly increasing stimulus is called accommodation.’ 

AEROBES — Organisms which cannot carry out^life processes xjithout free 
access to air. 

ANAEROBES — Facultative anaerobes are organism which can utilise atmos- 
pheric oxygen but can also grow tathout free oxygen; obligate (or strict) 
anaerobes are unable to grov; in the presence of oxygen, i.e,, they re- 
quire that molecular oxygen be absent "and are very adversely affected 
by its presence" .(U) 
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— "A tcin introduced by Louis Lapicque in 190;? to flcfino the 
character of t!io stirralus which is required to excite vailous typos of 
living tissue, particularly uuscle and nerve. The most convenient 
fom of stinulus is an electric curi'cnt, since this can be ra.de to 
excite (i.e., to cause tissu 9 to display its characteristic activity) 
without doing any dariagc. It is found that a current iiust fulfil ttrree 
conditions if it is to excite: (1) It nust flow for r.iorc than a certaj.n 

ninirial ebration; (2) the final strength riust exceed a certain value; 
and (3) the rate of increase of the current frou zero mat exceed a 
definite velocity. The need for a nininal diu'’ation is shoim by t!ie 
fact that a current altoiTiatij:ig at 1,000,000 cycles oer second is ; ower- 
less to excite any tissue in the body; and the nodem surgical tech- 
nique of diatheiTy is based on this. 

Tlie curve relatij"^ nininal duration and niidjial strength - - - 

as a first approxination obeys the formula of .feiss, 

i ■ a-f- b/t 

whore i is the current, t its duration, and a and b ai-e constants. 
Lapicque lias shown tliat curves of the sane fom are obtained fi'on the 
nost diverse tissues, ranging from the huiiun nerve, where the nininal 
dui’ation is less than 0.001 second, to the cells of a plant where it 
nay be longer tiian one second. Tiius, the character of the stijiL’.lus for 
a given tissue can be defined at oiice if wo loioir the constants a and b 
for that tissue. Tlie constant a (the rheobase)) is given by the itiininal 
current strength, at long durations. Tlie other constant b is the noro 
important, for it deter lines the slope of the ciiive, it can be fixed by 
neasuring the ciironaxio, which is equal to b/a and is the least duration 
required when the current strength is 2a. 

The true fom of the curve diifcrs somewhat from that given by 
'deiss's equation, and it has been used as a basis froii which to deduce 
the nechanism of excitation. - - - the noasui'cnent of the chronaxie 
has also been eised to investigate the passage of the state of excita- 
tion from one tissue to another (e.g., from nerve to muscle) ." (26) 

CYSTLIrFL — di(c< -aniLno- ^ -thiolpropionic acid); a naturally occurring 
aliphatic dianino dicarboxylic acid, vrith tlic following structure: 

IIOOC-CK-GH.-S-S-CIU-IH-COOI! 

I 2 t- I 

. inig 

.LLLCThOTOlIUS — Hiysiological polarization, accorrolislied by passing a weal: 
(subthroshold) constant airrcnt tlirougli a nerve; the net effect is to 
decrease the polarization of the MCi±)i’ane at tlie catliode, increasing the 
instability (i.e., a stimulus below tiircshold is effective) at that 
point, and increasing the polarization at the anode iSth resultant de- 
crease in irritability. 

EITDOGLIIOUS — Designating or uertaining to the inetabolisn of nitrogenous 
substances of colls and tissues, the catabolic products excreted being 
relatively constant in tlie normal organism; microbiologists define en- 
dogenous netabolisra as any metabolism which takes place in tlie absence 
of an externally supplied substrate. 
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"Thcmolabilc eatnlycts of a definite :;rj;;ajilc rx.tv 4 -c, olab^i-- 
ated by livii:ig tissue tut ca^-ablo of action jutcido tlicso tissues' (31/ 

d-GLUTAIZIC ACID — -aninoclutau’ic acid; one of uhc naturallj.' occun'in/: 
nono aiiino dicarbor^ylic acids, TJith tlae follcfiriiin s-fcructurc: 

II00C-Gi:-'/I4-CIIo~>C00K 

I t- 



fETSROTiOPIIIG BACT'^iX.t — Bacteria unlch rcsquire orr;aiiic carbon as a foo'; 

SOIU'CC. 

GyyJI'S ST.Hl! — a dye of cr\'-stal violet fiJKd by an aqueo-us solution of 
iofline(]:) . 

C-:i/'i'-‘rX}ATr\i] 'tiOT PIA — Bacteria froii ‘irliicJi Gran's c'bain ray be rraoued 
r-d-th alcohol. 

G'lAI -POSITIVE B/.C? ■’’.I-i — BactericU fron rrliicii it is not possible to r' . ;o">.'o 

Gran's O'baj.n by iiso of corjron solvon'is (e."'., ’.ra.ter or alco’’.ol); that 

is, tlicy dye of Grar 'e s'iain is fact iir tiiesc bacteria. 

LOPIIOr :ICA'f '• — !:ultiplc polar fla-qellation; see frontispiece; al>so 

reference (U) . 

liOLA;^ — A nolar solution contains one yra;-'-uolc of substance dissolved in 
a liter of solutiion. 

iIOTdlAL — A norr.iai. solution contains one qraj'.i-cquis'alcnt 'Jciyht of GOlv.t;;, 
in one liter of solution. 

PJ']FuACTOnY FJ'.’-JCD — The period dju'i’ic rfilc’i a nusclc, iv-rvo, or other 

living unit is refractory (or uen-rosoonsive or ins oi.sitivc) to stt'eniur 

lijmSU^ITY llhyolr.de bchuivioTxr under constant stdnulation. 

GUiIL^TlOlI — Tire phenonenon of th.c elicitation of a response by "tlie 
application of t;ro or throe or vo.ry f™ stdaili in raoid succession" 
altliough each stii.iili is (a little) loss t:mn t/rroshold strength. 

.7JB Jl-f'-lGIllIi i GYChCi'IIYSIGAL L.'.,.': — fqual incrc; ents of sensation corn' s- 
pond to equal incrcnoixts in the l.oqaritlr 'o.f fro stirrulus. /ui int>_r- 
cstir^T; discr.SvSion of tliis 'la’:" can be icn.ind in rcxoronco ( 32 ), .rid is 
quoted here in paid (the undcrlirdnc is by t’ris '.rritcr, and not by 
the autiior of tire ref.ircncc ) : 



"Contrast-sensitivity tests arc difficult to i-ahc, and the re- 
sults arc very erratic - - T’lc values ao-c affected ’ey the sice 

and shape of tlic field a-nd by 'Llio luninosit'/ of 1 16 suri’oi'uiddn' :s . 

They also vary trith the individual and irith. tire criterion he selects 
for 'barely pcrcejdible difference.' For t'lcoo and ofier- v-.„.:ro’.r . a 



I 






dif-uor-nt Land oJ tcct t>v I’- 

Gcnaitivatjr t< v/O Ii; vj Lio 

porsistcnt fcllaciCG 1>o uLicJi Lv.'iaraCy 

itnol.'.’. It bloGGora 'p-jrciiaialHy and in ro’/j qu'^rt'-a" 




rcrardcd as God'o 



!/■:. 



* L . 

jii't to the nrj,xholo?'i,'r'‘ . L t v: '••71.:'.“'^ Ih 
cvidf.mcc, Tlio funda-icntal id'^a of tlL." 1?' no \o L-v 
in txic fertile bra±>i of ?icr -"0 Loub"uci‘, u'lo fo' n', au'out li'dd, 
tlmt tro snrfacoG covl 1 bo di.'5tiii(_,uiEi’. d if thoii' eontrp'- '■ r? 
VasrLaao other invc:;ti;:atoro, iiicladino cbor (l-ii, ), ''‘r o.:<;u •'•■.i- 
res\LLt \n.th lurinooitioo var'an;^ tnroujh a rra;;:: of 1-) 1. c.- 

f';rca-toi', and irith Cj,r^-ri lA^O to 1/19") . tnch ’v’--l-v 

cviclontly considered t,o bo nearly cone.t.'rt, eo tliat . b'l’L ] ■ •' 

'=nin “ 

■tras adopted. Thin la:: can ha rdly ’- be r' '^r'‘'''‘d an rv'^n an 

^ InvalaaFry ■’A".”’* 

valnen i!: ta- 



tion. Tiio trorHIe neons Tio TT.I at t’n. 



---no-- - ’‘-idle ronnltj.n'~ cv..i’vc; 



nta 



t.au'i ne." 



ncotopic rociou aiid fall alnont to tie airlr fnrovirfaout nont of -'vv. 
photonic rc^ioii. 'riiun it loots an if Uf'ro aD^iont cor.Tta:rb ov.n 



a uide tojx^q of Im inoniticn . - - - - r'_ _ thi: 

an shovm by data illantratcd in th.c refcr-once. 



conclanion ir fal'-r. 



_____ . !'it ncrald bo un:nLce to clair. tint t.hc cponatio':c.l tn- 
in the ■truth' (■idiatcvcr tiat my naan; or that it can bo a - iliod 
cracccnofully Qveryt;herc — to all natic; aticn, • reycJiolof;;^’-, a nl 
cioloa;;''. I?ut in pliynics, its m’.ccGcn iian bo/-n no laidrod th: t its 
UGC can hardly be questioned. 

Iron the opei’ational ntandooint, noet of the plioton.ctric co;i- 
centG an defined 2J1 the standard dcfinltionn are ne'aiiis.iplo^-' . iic 
reason for tlvis cori\:nion is tiiat t!io conco-'tn arc co?t licat: i.y 

pnychopJiysioloqicali. oloncnt u'D.ch is absent in nost branc ns ■ f 
GcicncG aiul onpimcorinq. Tlie pGyci;o' 0 ;i:v"!^iolo^’'' of vision Ire b^ ' • 
jjavontir-ated most diliecntly for the part ire. ir 'red yc jfs 'ey ui''loqj.ctSj 
psycholocpLsts^ and physilcistc . Yet even tiic cor'-^'ct ’oasis • e attacf 
has not boon agreed u:x>n. The netho-b of nhys'icrl sci uco L;. v ■ ■ ■>' 

mrvelously nucccnGxi’-l in the phynical ••uorld isu' are oven ao * ' vor.tl 
to such plijrsioloeical nroblem an tlie acticn of th'' :-'Ocpto" l' .. it" 
an the retina and tiie prop^iqation of nervous ir‘'pulsrs. "Vp/on’'' t’f." 
point in -olio seeing ■orocosn, l'.o::cv^r, ::e leave t3ic 'Jorl i of physio 
and enter the trorld oi conscio'unnoss , of sensatior, i.n •.fd.c': t.h u'' 
is no reason to believe tliat t;ic ’rictliods: of T)hysics cam evei- oo 
applied, ,/c have no iray of ne-.naring sons; tion, in the nonse tliai 
pliysical quajitities arc nOca:au'’cd. ,c 3iavo no uay of nettie.g un p 
unit sensation — a sensation ncter nticL. c iia.ve no of 
applying than mtor nticL to cictc^Taniiig hou raiv tiian one nc'/'.a- 
tion in greater tlian another. donsoquontl„^, t'ler ; i's r/j ■xi^'nibiff 'by 
of GX">rcGslon sensation mbiomtically as a function of stirrfLi.'" . 

Tloc ' fochner la.:: of logari.tlarn.c response is a ryn*'- ii ap'.;n t of f' 
fmgina ti on . ;e rrust realise t3.at' hr ^lif h!'o'.f.'d^ ~v rT3r’b<. .■_n~a')l 

fe' ncasuro sensation quantitatively is not a sveyrrficial one uiiic :, 
by the irrorovenent in teermique and t3:c furuior doveloTor:cnt of 
GciencG, can in the future bo eradicated. Tlio trouble is fu;oca:..c.nt.-.l. 
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i" ir-'icront ir. 
I'oi’lfl 0.1? p’r,/-r3ic 

It ±u ■',:on'’.''rp ■? if 't, 
qiiotci. 



tho V0I7/ fret that reneation dooG not ranifia in tlic. 
n and tluiG can nevor br trcrt.'il aa a phr/rj cal 'iaantitr/." 

Koan na~ a littl'; too do'or tic i:o the la^t :tat 'nent 
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